SUMMARY. We studied the influence of initial coronary artery pressure on pressure-flow relationships during long diastoles in 22 closed-chest, anesthetized dogs under basal conditions and after maximum coronary vasodilation. The circumflex artery was perfused from a pressurized arterial reservoir through a cannula inserted in the carotid artery. Diastolic pressure-flow relations were obtained under two conditions: (1) when pressure was gradually decreasing (40 mm Hg/sec); and (2) when pressure and flow were constant beginning 500 msec after a rapid step decrease in pressure. Pressure-flow curves obtained with pressure gradually decreasing were linear in the basal state and during maximum coronary vasodilation [r = 0.98 ± 0.01 (SE)]. In autoregulating animals, 25 mm Hg increments in coronary artery pressure from 75 to 125 mm Hg resulted in progressive decreases in the slope (2.2 ± 0.1 to 1.2 ± 0.1 ml/min per 100 g per mm Hg, P < 0.01) and increases in the zero flow pressure intercept (37.3 ± 1.4 to 51.2 ± 2.1 mm Hg, P < 0.01) of the pressure-flow curves. These changes were not observed when autoregulation was abolished with intracoronary adenosine. Diastolic pressure-flow curves obtained under constant pressure conditions were also linear in the basal state and during maximum coronary vasodilation (r = 0.98 ± 0.01). Increasing initial coronary artery pressure from 75 to 125 mm Hg resulted in a decrease in the slope (1.6 ± 0.1 to 0.9 ± 0.0 ml/ min per 100 g per mm Hg, P < 0.01) and an increase in the zero flow pressure intercept (21.1 ± 2.1 to 37.2 ± 2.3 mm Hg, P < 0.01) of the pressure-flow curves. With maximum coronary vasodilation, the slope increased to 4.7 ± 0.1 ml/min per 100 g per mm Hg (P < 0.001) and the zero flow pressure intercept decreased to 15.2 ± 0.7 mm Hg (P < 0.001). When pressure-flow curves obtained with pressure gradually decreasing were compared to ones obtained during constant pressure perfusion, the constant pressure values for slope averaged 10-25% lower (P < 0.01), whereas values for the zero flow pressure intercept were 8-12 mm Hg lower (P < 0.01). These data indicate that diastolic coronary artery pressure-flow relations obtained when pressure is continuously changing are influenced by coronary vascular capacitance. When capacitance effects were minimized, the slope and zero flow pressure intercept of the diastolic pressure-flow curves were dependent on coronary vasomotor tone, with the zero flow pressure intercept ranging from 15 to 37 mm Hg. These data are consistent with a vascular waterfall model of diastolic flow regulation. Based on such a model, we estimate that changes in coronary vascular resistance and zero flow pressure intercept can account for 70-80% and 20-30%, respectively, of the coronary autoregulation observed over the pressure range of 75 to 125 mm Hg. (Circ Res 57: 261-270, 1982) AUTOREGULATION of coronary blood flow is an important vasoregulatory mechanism which maintains coronary flow nearly constant over a wide range of perfusion pressures. Previous studies using nonphasic coronary artery pressure-flow data (Mosher et al v 1964; Driscol et al., 1964; Rubio and Berne, 1975) have attributed the autoregulatory response entirely to changes in coronary vascular resistance. Recently, diastolic coronary artery pressure-flow relations derived from phasic aortic pressure and coronary flow measurements have been shown to be approximately linear with a positive zero flow pressure intercept (Pf O ) which exceeds coronary venous or ventricular diastolic pressures (Bellamy, 1978) . These data have suggested that diastolic coronary flow may be regulated by a vascular waterfall mechanism in which the effective back, pressure opposing flow is Pf O . The observation that Pf O can decrease by as much as 30 mm Hg with coronary vasodilation (Bellamy, 1978) raises the possibility that adjustments in back pressure could contribute to the autoregulation of coronary flow. However, hemodynamic measurements made when
AUTOREGULATION of coronary blood flow is an important vasoregulatory mechanism which maintains coronary flow nearly constant over a wide range of perfusion pressures. Previous studies using nonphasic coronary artery pressure-flow data (Mosher et al v 1964; Driscol et al., 1964; Rubio and Berne, 1975) have attributed the autoregulatory response entirely to changes in coronary vascular resistance. Recently, diastolic coronary artery pressure-flow relations derived from phasic aortic pressure and coronary flow measurements have been shown to be approximately linear with a positive zero flow pressure intercept (Pf O ) which exceeds coronary venous or ventricular diastolic pressures (Bellamy, 1978) . These data have suggested that diastolic coronary flow may be regulated by a vascular waterfall mechanism in which the effective back, pressure opposing flow is Pf O . The observation that Pf O can decrease by as much as 30 mm Hg with coronary vasodilation (Bellamy, 1978) raises the possibility that adjustments in back pressure could contribute to the autoregulation of coronary flow. However, hemodynamic measurements made when pressure and flow are continuously changing could also be influenced by vascular capacitance. Furthermore, the potential effect of capacitance on pressureflow curves is expected to depend on initial pressure and vascular resistance. We, therefore, studied the influence of initial coronary artery pressure on diastolic pressure-flow curves obtained when pressure was gradually decreasing and when pressure and flow were constant following a rapid step change in pressure. Comparison of pressure-flow curves obtained in these two ways at the same initial pressure and flow allowed capacitance effects to be estimated. In addition, the pressure-flow curves obtained during constant pressure and flow conditions (no capacitance) were used to quantitate the relative contribution of changes in vascular resistance and Pf O to coronary autoregulation.
Methods

General Preparation
Experiments were performed in 22 healthy closed-chest adult mongrel dogs weighing 25-35 kg. Animals were premedicated with morphine sulfate (2 mg/kg, sc) and anesthetized with a-chloralose (50 mg/kg, iv), with additional doses of chloralose given as needed throughout the experiment. The dogs were ventilated with oxygen-enriched room air by a positive pressure respirator (Harvard model 607) to keep arterial oxygen tension between 125 and 150 mm Hg and carbon dioxide tension at 32 ± 2 mm Hg. Arterial pH was maintained at 7.35-7.45 by an intravenous infusion of sodium bicarbonate (150 ITIM, 5 ml/kg per hour, iv) (Arfors et al., 1971) . Systemic pressure was measured in the aorta with a catheter passed retrograde from the femoral artery and a strain gauge pressure transducer (Statham P23G). Rectal temperature was held at 37°C with heating pads. Heart rate was measured continuously with a cardiotachometer triggered from the-ECG.
Coronary Perfusion System
Pressure in the circumflex artery was controlled by an extracorporeal perfusion circuit which previously has been reported in detail (Dole et al., 1981) . Briefly, the circumflex artery was perfused from a pressurized arterial reservoir through a metal cannula advanced through the right carotid artery into the ascending aorta and wedged in the proximal circumflex artery under pressure and flow monitoring as described by Smith et al. (1974) . Coronary artery pressure was measured 2 mm proximal to the cannula tip through an external auxiliary tube opening at the side of the distal end of the perfusion cannula. Blood was passed from the pressurized reservoir through an electromagnetic flow probe (Zepeda SWF4) before entering the coronary cannula. The pressure in the reservoir was controlled with two compressed air tanks connected in parallel permitting arbitrary alterations in perfusion pressure. The seal between the cannula tip and circumflex artery was tested for leakage of blood by the method described by Mohrman and Feigl (1978) . Experiments with any evidence of outward or inward leakage were not included. At the end of the experiment, saturated crystal violet solution was injected through the cannula to delineate the area of myocardium perfused which was removed and weighed. Blood coagulation in the extracorporeal perfusion circuit was prevented by infusion of sodium heparin (initial dose 500 U/kg, iv, then 250 U/kg, iv every hour). The flowmeter zero was determined by frequent coronary inflow occlusions. The flow probe was calibrated by timed blood volume collections after each experiment with blood from the experimental animal.
We have previously shown that this perfusion system does not alter systemic hemodynamics. Furthermore, coronary reactive hyperemia and autoregulation were not impaired with the cannula in place. (Dole et al., 1981) .
Induction of Long Diastoles
Prolonged diastoles were obtained by vagal nerve stimulation using a pair of platinum electrodes connected to a Grass stimulator (model SD5) and stimulus isolation unit. Stimulation parameters were: frequency 30 Hz, duration 8-10 msec, voltage 10-15 V. Lidocaine (1 mg/kg, iv) was given to prevent ventricular escape beats. Since vagal nerve stimulation has been shown to cause direct parasympathetic coronary vasodilation (Feigl, 1969) , preliminary studies were carried out which indicated that low dose atropine given intracoronary (0.025 mg) could be used to minimize cholinergic vasodilation without altering vagal chronotropic effects (Dole et al., 1982) . In the present experiments, repeated doses of intracoronary atropine were used to prevent cholinergic vasodilation.
Diastolic Pressure-Flow Relationships: Decreasing Pressure and Flow
In 12 dogs, diastolic coronary artery pressure-flow relationships were obtained by decreasing reservoir pressure at a rate of 40 mm Hg/sec during vagal stimulation after reaching steady state diastolic flow, as described previously (Dole et al., 1982) . The initial diastolic pressure was randomly varied between 50 and 150 mm Hg by 25 mm Hg changes. Simultaneous diastolic pressure and flow points were plotted at 40-msec intervals and the data fitted by a least-squares regression to obtain values for slope, Pr o , and correlation coefficient. The average regression values for three consecutive pressure-flow determinations were used. In all cases, pressure was decreased until coronary inflow reached zero. In four dogs, the effects of changing coronary pressure on diastolic pressure-flow curves were determined after autoregulation was totally abolished during maximum vasodilation with intracoronary adenosine (250 /ig/min).
The potential effect of the compliance of the perfusion circuit on the pressure-flow curves was determined by decreasing pressure at 40 mm Hg/sec from initial pressures of 50 to 150 mm Hg with the cannula occluded. This did not change flow from the zero baseline.
Diastolic Pressure-Flow Relationships: Constant Pressure and Flow
In eight dogs, coronary pressure-flow relationships were constructed by measuring pressure and flow shortly after a rapid step decrease in pressure during long diastoles. Coronary pressure was abruptly altered from initial values of 75 or 125 mm Hg by switching the arterial reservoir from one compressed air tank to another set at a lower pressure. Immediately after the pressure change, diastolic flow rapidly decreased, reaching a minimum value within 100-200 msec and then increased reaching a plateau within 500 msec. In six of the eight dogs studied, flow varied by less than 10% over the next 2-3 seconds with no consistent directional change. In two dogs, flow varied by 12-20% in six instances and by 0-8% in 14 instances, again without any consistent directional change. For the entire group there was no statistically significant difference in flow measured at 0.5 or 3 seconds after the step change in pressure. Pressure and flow values were obtained by averaging 50 points at 10-msec intervals beginning 500 msec after the pressure change. The effects of vascular capacitance on pressure-flow curves obtained with pressure continuously decreasing (40 mm Hg/sec) were assessed by comparing these curves to ones obtained in the same dog during constant pressure conditions at the same initial pressure and flow. In four of the animals, capacitance effects also were evaluated after autoregulation was totally abolished during maximum vasodilation with intracoronary adenosine. In all of these experiments, two pressure-flow curves with pressure decreasing were obtained before and also after determination of the single curve with pressure constant. The average regression data were used for the curves with pressure decreasing. Between 8 and 12 pressure and flow points were used to construct each curve with pressure constant. For a given pressure, initial steady state values for diastolic flow varied by less than 11% during sequential pressure-flow determinations. For consecutive pressureflow curves obtained with pressure decreasing, individual values for Pf o and slope were within 15% of the mean values.
Quantitation of Autoregulation
The degree of diastolic autoregulation was quantitated by calculating the closed loop gain (CM) of the system (Norris et a I., 1979) as where F = steady state diastolic flow at pressure P and AF = change in flow for a given change in pressure AP. Values for GAr greater than 0 indicate autoregulation with a maximum value of 1. Values of GAH less than or equal to 0 indicate a lack of autoregulation (i.e., a passive vascular bed).
Data Analysis
Coronary blood flow and pressure, aortic pressure, heart rate, and ECG were recorded on an 8-channel Beckman dynograph (type RM), at a paper speed of 20 mm/sec. Pressure and flow points were simultaneously digitized on a PDP 11 V03 computer (Digital Equipment Corp.) and the data graphed with an X -Y plotter (Textronix model 4662). Data were analyzed only when baseline zero changed by less than 3-5 ml/min at the beginning and end of recording runs with full scale being 200 ml/min. All data are expressed as mean values ± SE. Pressure-flow curves were fitted by regression equations calculated by least squares. Regression data from pressure-flow curves at different initial pressures were compared using an analysis of variance with repeated measures. Regression data from pressure-flow curves obtained under conditions of constant and decreasing pressure in the same animal were compared at the same initial pressures by a Student's paired f-test. Comparisons among different animals at different pressures and during adenosine infusions were made using a nonpaired f-test. Differences were regarded as statistically significant at the P < 0.05 level.
Results
Baseline Hemodynamic Data
In the 22 animals studied, heart rate averaged 112 ± 6 beats/min and mean aortic pressure 138 ± 14 mm Hg. All dogs demonstrated strong diastolic coronary autoregulation over the pressure range of 75 to 125 mm Hg (GAr = 0.87 ± 0.05) with diastolic flows averaging 80.1 ± 6.7 to 86.8 ± 7.2 ml/min per 100 g. During vagal stimulation and ventricular pacing, diastolic flow increased by a maximum of 25.2 ± 2.1% above control (P < 0.001) at a pressure of 100 mm Hg within 4.8-6.0 sec. After administration of intracoronary atropine (0.025 mg), vagal stimulation had no significant effect on diastolic coronary flow (maximum change from control 0.6 ± 1.0%, P > 0.8 vs 0%). The inhibitory action of atropine on diastolic cholinergic vasodilation lasted 30-40 minutes and was reproducible with repeated doses.
Diastolic Coronary Blood Flow during Constant Pressure Perfusion
The phasic circumflex artery blood flow pattern during constant pressure perfusion and vagal arrest was characterized by an initial diastolic overshoot lasting 100-225 msec, followed by a gradual decrease in flow reaching a constant level within 1.3 ± 0.3 seconds (range 0.5-5.0 seconds). Figure 1 shows phasic coronary artery flow tracings during long diastoles immediately after vagal stimulation at coronary pressures of 50, 100, and 150 mm Hg. Note that, shortly after the initial diastolic overshoot, coronary flow gradually decreased and then remained constant, indicating that coronary vascular resistance was constant. Also note that steady state diastolic flow was independent of coronary pressure, indicating strong autoregulation. Systolic flow, however, increased at the higher coronary pressure and became negative at the lower pressures. Similar phasic records were observed in all animals over the pressure range of 75-125 mm Hg. Diastolic flow was autoregulated in 40% of the dogs between pressures of 50 and 75 mm Hg and in 75% of the dogs between 125 and 150 mm Hg. Figure 2 shows an example of the data used to obtain diastolic pressure-flow curves with pressure gradually decreasing. Vagal stimulation on the fifth beat resulted in prolonged asystole. After diastolic flow was constant, coronary artery pressure was decreased at approximately 40 mm Hg per sec until zero flow was obtained. The diastolic pressure-flow relationship for this beat was linear (r = 0.99) with a slope of 1.3 ml/min per 100 g per mm Hg and zero flow pressure intercept of 52.7 mm Hg. The diastolic pressure-flow curves obtained with pressure gradually decreasing from one dog with strong autoregulation over the pressure range of 50 to 150 mm Hg (GAr = 0.95) are shown in Figure 3 . All five of the pressure-flow curves were linear (r = 0.98 -0.99). As initial diastolic pressure was elevated, the slopes of the curves progressively decreased (4.1 to 1.0 ml/min per 100 g per mm Hg) and the zero flow pressure intercepts increased (27.9 to 63.9 mm Hg). The pressure-flow data at an initial pressure of 125 mm Hg w«*re taken from the analog record shown in Figure  2 ± 0.04) and between 100 and 125 mm Hg (GAF = 0.86 ± 0.05). Mean regression data over the pressure range of 75 to 125 mm Hg for the entire group are summarized in Table  1 .
Diastolic Coronary Artery Pressure-Flow Curves Obtained with Pressure Gradually Decreasing
The effects of increasing coronary artery pressure from 50 to 75 mm Hg and from 125 to 150 mm Hg on diastolic pressure-flow curves were determined for dogs showing strong autoregulation (G Ar > 0.8) and compared to those for dogs showing weak or no autoregulation (GAr < 0.3). Observed reductions in slope (S) were greater in the strongly autoregulating group compared to the weakly autoregulating one when pressure was increased from 50 to 75 mm Hg (AS = -1.75 ± 0.29 vs. -0.80 ± 0.30 ml/min per 100 g per mm Hg, P < 0.05) and from 125 to 150 mm Hg (AS = -0.20 ± 0.02 vs. +0.06 ± 0.03 ml/min per 100 g per mm Hg, P < 0.01). Values for P fo increased in both groups of animals over each pressure range; however, differences between the groups were not statistically significant (APf O ranged from 5.6 ± 2.9 to 9.7 ± 1.6 mm Hg).
In four additional animals, maximum coronary vasodilation with adenosine effectively abolished autoregulation over the pressure range of 75 to 125 mm Hg [GAF (75-100) = -0.47 ± 0.15, G Ar (100-125) = -0.37 ± 0.17]. Figure 4 shows the effects of changing coronary artery pressure on the pressure-flow curves in a representative dog. All pressure-flow relations were linear (r = 0.99). In contrast to the influence of pressure on diastolic pressure-flow curves obtained in autoregulating animals ( Fig. 3 ; Table 1 ), changing pressure had no effect on the values for slope and Pr o in the maximally dilated coronary bed. The results from all four dogs are summarized in Table 2 .
Diastolic Pressure-Flow Curves Obtained during Constant Pressure and Flow
In these experiments, diastolic pressure-flow curves were obtained during constant pressure and flow at initial pressures of 125 and 75 mm Hg and also during maximum adenosine-induced vasodilation. These curves were compared to ones obtained with pressure gradually decreasing (40 mm Hg/sec) at the same initial pressure and flow. Representative experiments during basal conditions and during maximum vasodilation are shown in Figures 5 and 6 and the results are summarized in Table 3 . All pressureflow curves were linear (r = 0.97 -0.99). In each case, the curves obtained with pressure and flow constant were characterized by lower values for slope and Pr o compared to corresponding curves obtained with pressure gradually decreasing. In the basal state, with pressure constant, values for P fo were 11.2-12.4 mm Hg lower and slope 22-25% lower than corresponding values obtained with pressure gradually decreasing. During maximum vasodilation, with pressure constant, values for Pr o averaged 8.5 mm Hg lower and slope 10% lower than corresponding values obtained with pressure decreasing.
Discussion
The results of this study indicate that: (1) autoregulation of coronary blood flow is associated with characteristic changes in diastolic coronary artery pressure-flow relationships; (2) diastolic pressureflow curves obtained when pressure is continuously decreasing are influenced by vascular capacitance which alters the slope and contributes to the relatively high values observed for zero-flow pressure (Pfo); (3) when capacitance effects are minimized, both the slope and Pf O of the diastolic pressure-flow curve are dependent on coronary vasomotor tone.
In these experiments, circumflex artery pressure was regulated independently of aortic pressure and the pressure-flow data collected beginning 0.5-5 seconds after the onset of vagal arrest when aortic pressure had already decreased. Thus, pressure gradients could have resulted in intracoronary collateral flow. However, since the normal dog heart has a relatively sparse network of functional collaterals (Kattus and Gregg, 1959; Scheel et al., 1972; Cibulski et al., 1973) , it is unlikely that collateral flow significantly affected our experimental results. Based on retrograde flow measurements (Scheel et al., 1972) , the maximum total collateral flow over the coronary pressure range used in the present study (50-150 mm Hg) was estimated to be 1.6-4.8 ml/min per 100 g, which is 2-5% of the observed antegrade diastolic flow. That intracoronary collaterals had little effect on diastolic flow is also evident from Figure 1 in which diastolic coronary flow was observed to be constant during constant pressure perfusion despite the development of varying pressure gradients favoring collateral flow during the fall in aortic pressure. This agrees with earlier work on the mechanisms of coronary autoregulation (Cp, , . Note that diastolic pressure had no effect on the values for SorPf,,. demonstrating that the pattern of coronary flow in response to changes in perfusion pressure was not affected by sizable pressure gradients between major vessels (Driscol et al., 1964) .
Coronary Blood Flow during Constant Pressure Perfusion
The phasic coronary artery blood flow pattern observed during constant pressure perfusion with the onset of vagal arrest (Fig. 1) is characterized by an initial brief overshoot followed by a gradual decrease in flow to steady state levels. The gradual decrease in diastolic flow is most likely related to an increase in coronary resistance following the abrupt change in myocardial oxygen consumption which would be expected after the onset of asystole (Belloni and Sparks, 1977) . The finding that coronary flow subsequently remains constant during diastole with constant pressure perfusion indicates that diastolic vascular resistance is also constant under such experimental conditions. We have previously shown that, once steady state diastolic flow is reached, ventricular pacing at a fixed cycle length (0.5-5.0 sec) results in constant diastolic flow beginning immediately after the early brief overshoot (Dole and Bishop, 1982) . Thus, under conditions of constant pressure perfusion and myocardial metabolic demands, diastolic coronary vascular resistance is also constant.
Diastolic Coronary Artery Pressure-Flow Relationships Obtained with Pressure Gradually Decreasing
The data presented in Figure 3 and Table 1 indicate that coronary autoregulation is associated with changes in both the Pf O and slope of the diastolic pressure-flow curves obtained with pressure decreasing. As initial coronary artery pressure was lowered over the autoregulation range, the pressure-flow curves were characterized by progressively larger values for slope and smaller values for Pf o . This is similar to the effect of coronary artery stenosis on the instantaneous diastolic pressure-flow curve recently reported by Bellamy (1980a) . In that study, diastolic pressure-flow curves were obtained in four conscious dogs during graded constriction of the coronary artery. Distal coronary pressure varied form 85 to 35 mm Hg and values for Pf o were determined by extrap- Values are mean ± SE. * P < 0.01 vs. corresponding value at 100 mm Hg; f P < 0.01 vs. corresponding value at 125 mm Hg by analysis of variance with repeated measures.
olation. The methods used in the present study allowed initial pressure to be controlled over a wider range and also permitted pressure-flow measurements at the zero flow intercept.
The effects of initial coronary pressure on the diastolic pressure-flow curves observed in the present study were dependent on autoregulatory changes in coronary vasomotor tone and were not due to changes in pressure per se. Thus, when autoregulation was abolished during maximum adenosine-induced vasodilation, changing initial coronary pressure had no influence on the slope or P fo of the diastolic pressureflow curve ( Fig. 4; Table 2 ). In addition, changing coronary artery pressure by 25 mm Hg was associated with a greater change in the slope of the pressureflow curves in strongly autoregulating dogs compared to weakly autoregulating ones. Whereas changes in Pf o tended to be greater in the strongly autoregulating vs. weakly autoregulating group, the differences did not reach statistical significance (P = 0. 
Diastolic Pressure-Flow Relationships Obtained during Constant Pressure and Flow
The observation that instantaneous diastolic coronary artery pressure-flow relationships are approximately linear with a positive Pf O exceeding coronary venous pressure has been interpreted as being consistent with the regulation of coronary blood flow by a vascular waterfall mechanism (Permutt and Riley, 1963; Bellamy, 1978) . Based on this model, coronary vascular resistance can be calculated as the reciprocal of the slope of the pressure-flow regression line, and the back pressure opposing flow as Pf O . The calculation of vascular resistance and driving pressure from measurements made when arterial pressure and flow are continuously changing assumes that capacitance and inertial effects are minimal. According to Womersley's theory of pulsatile blood flow (Womersley, 1955) , phasic differences between pressure and flow due to inertia of blood are negligible in small vessels such as the circumflex artery, especially when the pressure gradient for flow changes relatively slowly. Thus, it is unlikely that inertial effects significantly influence pressure-flow relationships obtained in the dog coronary artery when diastolic pressure changes gradually.
The effect of coronary capacitance on pressure-flow curves obtained with pressure decreasing, however, cannot be so easily neglected. Recent data from two laboratories have suggested that capacitance effects contribute to the relatively high values reported for Pf O (Eng et al., 1981; Kirkeeide et al., 1982) . In the present study, diastolic pressure-flow curves obtained shortly after rapid changes in coronary pressure were characterized by lower values for slope and Pf o compared to pressure-flow curves obtained with pressure gradually decreasing (Table 3) . This was true in the basal state and during maximum coronary vasodilation with adenosine. The observed differences between pressure-flow curves obtained with pressure constant and pressure gradually decreasing are most likely due to capacitance effects. Since diastolic pressure and flow remained constant beginning 500 msec after step changes in pressure, capacitance should have had little influence on the pressure-flow curves obtained in this manner. Whereas changes in coronary vascular resistance could have contributed to the observed differences between pressure-flow curves in Table 3 , several observations suggest that resistance changes were probably negligible. First, all pressureflow curves were obtained after initial diastolic pressure and flow had reached steady state values. Thus, potential increases in diastolic resistance due to decreasing metabolic demands were minimized. Second, when coronary pressure was rapidly restored following a gradual decrease in pressure, diastolic flow immediately returned to baseline values, suggesting that vasoregulation did not occur. Similar observations were made by Bellamy (1978) who noted the absence of reactive hyperemia following long diastoles in which end-diastolic flow was nearly zero. Autoregulation following the rapid changes in pressure used to obtain capacitance-free pressure-flow curves cannot be entirely excluded. Although flow reached steady state levels within 500 msec, it is possible that resistance could have changed during the 500 msec immediately following the pressure step. It seems unlikely, however, that significant changes in resistance could have occurred over such a brief time period to explain the experimental data in Table  3 . In addition, differences between pressure-flow curves obtained under conditions of constant and decreasing pressure were also observed when autoregulation was totally abolished during maximum coronary vasodilation. Such differences, it would seem, could only be due to capacitance effects.
The major significance of coronary vascular compliance in interpreting the relationship between coronary flow and diastolic coronary pressure is that capacitance effects can permit continued intramyocardial blood flow despite zero epicardial inflow. Thus, estimates of back pressure based on the Pf O of diastolic pressure-flow relationships obtained with pressure decreasing will be overestimated. The results of the present study indicate that this effect is not inconsequential. In the basal state, when capacitance effects were minimized, values of Pf O were 11-12 mm Hg less than values obtained with pressure gradually decreasing. In the vasodilated state, the average difference in Pfo was 8 mm Hg. In addition, the effect of coronary capacitance on the slope of pressure-flow curves obtained with pressure decreasing, indicates that resistance calculated as the inverse of the slope of the regression line will be underestimated by 20-25%.
Recently, Eng et al. (1981) have proposed a lumped RC model of the coronary circulation which includes epicardial capacitance and small vessel resistance. That model predicts that pressure-flow curves obtained when pressure (PA) is continuously decreasing 268 Circulation Research/Vo/. 51, No. 3, September 1982 are influenced by vascular capacitance. The capacitance effect results in higher values for Pf 0 compared to ones obtained when capacitance is eliminated, as is observed experimentally. However, the model also appears to predict linear pressure-flow curves with lower values for slope compared to capacitance-free curves. One problem is that large vessel resistance, although small relative to total coronary resistance, is entirely neglected. This makes the first derivative of the pressure function with respect to time dPA(t)/dt discontinuous at time t = 0 (onset of pressure decay) resulting in a discontinuity in flow. Thus, the epicardial pressure-flow curve would be characterized by an instantaneous decrease in flow of magnitude C-dPA(O)/dt where C is the epicardial capacitance and PA(O) the function describing the fall in aortic pressure at t = 0. When large vessel resistance is considered, epicardial flow is no longer discontinuous at t = 0 and can be determined by solving a first order linear differential equation (Appendix A). However, the solution with appropriate boundary conditions imposed, results in pressure-flow curves characterized by an initial rapid fall in flow followed by a more gradual, nearly linear, decrease toward zero. Such curves are not observed experimentally. Furthermore, as detailed in Appendix A, estimates of epicardial capacitance (0.001-0.003 ml/mm Hg) (Douglas and Greenfield, 1970; Spaan et al., 1981) are too small to explain the magnitude of the values for P fo which we observed with pressure decreasing or the differences between values of Pf O obtained under conditions of constant and decreasing pressure.
Although epicardial capacitance alone cannot account for the experimental data, another possibility is that intramyocardial capacitance may also influence diastolic epicardial pressure-flow relationships. Total intramyocardial capacitance has been estimated by several different techniques to be 0.07-0.085 ml/mm Hg per 100 g (Spaan et al., 1981; Scharf et al., 1973; Morgenstern et al., 1973) . Whereas these values appear large, the relative effect of capacitance on epicardial pressure-flow curves will depend on the distribution of the capacitative and resistive elements throughout the coronary bed. Thus, if a small portion of the intramyocardial capacitance were distributed proximal to the arterioles, the combined effect of epicardial and intramyocardial capacitance could explain the observed 8-12 mm Hg difference between values for Pf o obtained under conditions of constant and decreasing pressure. Such a model, however, does not explain the observed flow response or values of Pro obtained following rapid step changes in pressure, nor does the model predict the shape of the curves observed with pressure gradually decreasing.
The values obtained by Eng et al. for Pf o with capacitance effects minimized were not influenced by changes in vasomotor tone, in contrast to the findings in the present study. One possible explanation for this discrepancy is that the baseline vascular resistance may have been much lower in the preparation used by Eng et al. Thus, in the basal state, values for Pto with pressure decreasing were 50% lower than the values obtained in our study (Tables 1 and 3) which are similar to those reported by Bellamy (1978) in conscious dogs. With a lower initial coronary vascular resistance, values for Pf o obtained under constant pressure conditions may already be close to minimum levels. Thus, maximum vasodilation would seem to have no effect on Pf O . However, with higher values for baseline vascular resistance, the influence of vasomotor tone on Pf O becomes apparent. Consistent with the findings in the present study are the observations recently reported by Kirkeeide et al. (1981) . That study employed long wave aortic pressure oscillations to investigate the effects of capacitance on diastolic pressure-flow relationships. Capacitance free estimates of Pf O averaged 32 ± 6 (SD) mm Hg in the basal state and 10 ± 3 mm Hg during maximum vasodilation which are similar to the values obtained in Table 3 .
Relative Contribution of Resistance and Back Pressure to Coronary Autoregulation Based on a Vascular Waterfall Model
Since varying initial pressure and coronary vasomotor tone will alter the effects of vascular compliance on epicardial pressure-flow curves obtained with pressure decreasing, the observed changes in slope and Pfo in the autoregulating coronary bed (Table 1) could be explained, in part, by differences in capacitance effects. However, when capacitance effects were eliminated (constant pressure conditions), the pressure at which flow ceases and the slope of the diastolic pressure-flow curve were still found to depend on vasomotor tone. The values for Pf O obtained with pressure constant were several-fold greater than coronary venous or ventricular end-diastolic pressure, ranging from 21 to 37 mm Hg at coronary pressures of 75 and 125 mm Hg, respectively. Although the explanation for these observations is not entirely understood, the results are compatible with a vascular waterfall mechanism (Permutt and Riley, 1963; Conrad, 1969 , Bellamy, 1978 . Based on such a model, the potential contribution of resistance and back pressure changes to diastolic autoregulation can be estimated from constant pressure values for slope and zero flow pressure in Table 3 as detailed in Appendix B. Using these data, changes in coronary vascular resistance can account for 70-80% of the autoregulation observed between pressures of 75 and 125 mm Hg, while changes in P fo can explain 20-30% of the autoregulated flow.
Appendix A
Effects of Epicardial Capacitance on Estimates of Pr,, Obtained from Pressure-Flow Curves with Pressure Gradually Decreasing Figure 7 illustrates the lumped RC electrical analog of the coronary circulation proposed by Eng et al. (1981) but modified to include large vessel resistance. P a is the proximal coronary artery pressure, P c the pressure distal to the large vessel resistance RL, and Pf o the true (capacitance-free) back pressure opposing flow. R s is the small vessel resistance and C the epicardial capacitance. When P a is gradually decreasing with time t, intramyocardial flow, F; m , will be the sum of the coronary inflow, F;, and the flow from the discharging capacitor, F c . Thus,
where (Fam and McGregor, 1968; Winbury, et al., 1969) . In the present study, a = 40 mm Hg/sec. Epicardial capacitance C has been estimated to be 0.002 ml/mm Hg (Douglas and Greenfield, 1970; Spaan et al., 1981) . Using the values for P fo obtained under constant pressure conditions (capacitancefree) in Table 3 , one can determine the value of P a (t) when Fi(t) = 0 for P a (t) decreasing at rate a using Equation 5. The difference between this calculated value and the observed P fo is a measure of the capacitance effect on the zero flow pressure intercept. In the autoregulating coronary bed, epicardial capacitance increases the zero flow pressure intercept by 4.7 and 2.4 mm Hg at initial pressures of 125 and 75 mm Hg, respectively. In the maximally dilated bed, the increase in intercept is 0.7 mm Hg. Thus, epicardial capacitance alone cannot explain the magnitude of the zero flow pressure intercepts observed with pressure decreasing (23.7-48.4 mm Hg, Table 3 ), nor the differences between intercepts obtained under conditions of constant and decreasing pressure (8.5-12.4 mm Hg).
Appendix B
Relative Contribution of Changes in Slope and Zero Flow Pressure to Coronary Autoregulation
The relationship between diastolic coronary artery pressure (P) and flow (F) may be described by F = (P -Pr<,) • S where P lo = zero flow pressure and S = slope of the diastolic pressure-flow curve obtained under constant pressure conditions (Fig. 8 ). If initial P is increased from Pi to P2 in the autoregulating coronary bed, then the change in steady state F from Fi to F 2 will be relatively small. In the passive nonautoregulating bed, F will increase in proportion to the P change from F, to F*. The amount of "autoregulated flow," F A , may be expressed as FA = F* -F 2 = (P 2 -Pf ol ) • S, -(P 2 -P fo2 ) • S 2
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FIGURE 8. Relative contribution of changes in resistance and P(" to coronary autoregulation.
Regulation of F A may be controlled by changes in S or P fo of the diastolic pressure-flow curve. It can be seen from Figure 8 that the contribution of a change in Pr,, to the total FA will depend on the value of S. Note that for Si > S2, AF, > AFj for a given APi,,. Also it can be seen that the contribution of a change in S to the total FA will depend on the value of Pr,,. Note that for Pr o i < Pf,,2, AF, > AF2 for a given AS = S, -S 2 . Based on these considerations, the change in F for a given change in Pr,,, AF(APf o ), will be maximum when S = Si and minimum when S = S 2 . Also, the maximum and minimum changes in F for a given change in S, AF(AS), will occur when P = Pi,,i and P = Pi,,2, respectively. Thus, AF(AP,,,) = {(P,.,2 -Pr.,,)S,, (Pf o , -Pr,,!)S 2 } maximum minimum AF(AS) = {(P. -Pr,,,) (S, -S 2 ), (P 2 -Pr,,*) (S, -&,)} maximum minimum
The % contribution to autoregulation is then (AF • FA" 1 ) • 100.
